frames, gLpABC, encoding polypeptides of molecular weight 62,000, 43,000, and 44,000, respectively. The 62,000-and 43,000-dalton subunits corresponded to the catalytic GipAB dimer. The larger GipA subunit contained a putative flavin adenine dinucleotide-binding site, and the smaller GlpB subunit contained a possible flavin mononucleotide-binding domain. The GlpC subunit contained two cysteine clusters typical of iron-sulfurbinding domains. This subunit was tightly associated with the envelope fraction and may function as the membrane anchor for the GlpAB dimer. Analysis of the GlpC primary structure indicated that the protein lacked extended hydrophobic sequences with the potential to form a-helices but did contain several long segments capable of forming transmembrane amphipathic helices.
One of the simplest ATP-generating electron transport pathways found in anaerobically growing Escherichia coli is the transfer of reducing equivalents from sn-glycerol-3-phosphate (G-3-P) to a short electron transfer chain terminating with fumarate as the ultimate electron acceptor (23) . Although a wealth of knowledge is available about fumarate reductase, the enzyme catalyzing the last step in the pathway (for a review, see reference 9), relatively little is known about G-3-P dehydrogenase, the enzyme which initiates the chain by converting G-3-P to dihydroxyacetone phosphate. Early studies showed that E. coli codes for two distinct G-3-P dehydrogenases coupled to electron transport (11, 25) . Under aerobic growth conditions, an aerobic G-3-P dehydrogenase, coded by the glpD gene, is expressed, and under anaerobic growth conditions an anaerobic G-3-P dehydrogenase, encoded by the glpA region, is synthesized (1, 30) . The anaerobic dehydrogenase has been shown to be a flavoenzyme which is loosely bound to the cytoplasmic membrane often occurring in vesicles associated with fumarate reductase (34, 40) . The purified enzyme consists of two subunits of 62,000 and 43,000 daltons (40) , which are encoded by the glpA locus (52) of E. coli. Kuritzkes et al. (26) isolated Mu dl-lacZ fusions of the glpA operon and found some that still produced enzymatically active G-3-P dehydrogenase, but this enzyme was no longer membrane bound. This was interpreted as evidence for a G-3-P dehydrogenasespecific membrane anchor also being encoded by the glpA locus.
To clarify these gene-protein relationships and to elucidate further the interaction of G-3-P dehydrogenase with the electron transfer chain, we have undertaken DNA sequence analysis of the cloned glpA region. This revealed that the glpA locus comprises three genes arranged as an operon, * Corresponding author.
t Present address: Department of Biochemistry, University College London, London WC1E 6BT, England. glpABC, and that the two promoter-proximal genes encode the catalytic subunits of G-3-P dehydrogenase. The third gene, glpC, codes for an iron-sulfur protein, and its role in binding G-3-P dehydrogenase to the cytoplasmic membrane was investigated.
MATERIALS AND METHODS Strains and plasmids. We used E. coli JM83 [ara A(lacproAB) strA thi 480dlacZ AM15]. The source of the glpABC operon sequenced in this study was the recombinant plasmid pGLP1 (Fig. 1) , which was constructed by subcloning a 7.4-kilobase (kb) PstI fragment from pLC8-24 (52) into pUC8 (50) . Derivatives of pGLP1 deleted for various restriction fragments were obtained by standard procedures (42) .
Nucleic acid techniques. DNA sequencing was performed by the modified dideoxy sequencing protocol (3), and a library of random DNA fragments was produced in M13mp8 as outlined by Wain-Hobson et al. (51) .
Computer analysis. DNA sequences were compiled and analyzed with the Staden programs as described previously (44) (45) (46) . Protein homologies were searched for as described (31, 53) , and similarities with other flavin-binding enzymes were analyzed by multiple sequence alignment (2) . The hydrophobicity and amphiphilicity properties of the sequence were examined by the method of Kyte and Doolittle (27) and Eisenberg (16) , using the consensus scale of Cornette (10) .
Preparation of enzyme fractions. Cultures were grown anaerobically on glycerol-fumarate medium (43) for 24 h at 37°C. The cells (100 g) were washed once and suspended in 50 mM sodium phosphate buffer, pH 6.8, containing phenylmethylsulfonyl fluoride (PMSF) (50 ,ug/ml) and then lysed by two passages through a French pressure cell (American Instrument Co., Silver Spring, Md.) at 16,000 lb/in2 (110 mPa). The crude membranes were collected by centrifugation at 100,000 x g for 1 h and suspended in 50 mM sodium phosphate, pH 6.8, containing PMSF (50 ,ug/ml Amino-terminal analysis of GIpAB. G-3-P dehydrogenase dimer was purified to homogeneity as described previously (40) . A RESULTS Location and nucleotide sequence of the glpABC operon. The recombinant plasmid pGLP1 contains a 7.4-kb PstI restriction fragment which, in addition to the genes encoding the anaerobic G-3-P dehydrogenase, bears the glpTQ operon (14, 15, 29, 40) . A detailed restriction map of this region of the E. coli chromosome is presented in Fig. 1 .
We have shown previously that the SacII restriction site is located near the 5' end of the glpT gene and that the gene(s) encoding the anaerobic G-3-P dehydrogenase is situated to the left. Plasmids pGLP20 and pGLP30 were constructed by deleting a 0.55-kb SphI fragment or a 0.9-kb SalI fragment, respectively, from pGLP1. Both of these plasmids still overproduced the dehydrogenase by five-to sixfold. In contrast, deletion of 4 kb of DNA including all the HpaI sites abolished enzyme activity, although a 58,000-dalton fusion polypeptide, including part of the 62,000-dalton subunit, was still produced (40) .
Together, these findings indicated that the genes encoding the catalytic subunits of G-3-P dehydrogenase were situated between the SacII and Sall restriction sites. Consequently, the nucleotide sequence of this region was determined by the M13 shotgun cloning approach (13) . This sequence was later extended to the PstI site by sequencing clones generated by forced cloning when it was found that the Sall site was located in an open reading frame at the 3' end of the operon encoding the G-3-P dehydrogenase. The resultant composite nucleotide sequence is presented in Fig. 2 together with the deduced primary structures of the major gene products.
Features of the nucleotide sequence and organization of the operon. The principal feature of the DNA sequence was a compactly arranged operon, containing three cistrons, which are referred to as the glpABC operon. The short intergenic region, separating the ATG initiation codons of the divergently expressed glpT and glpA genes, comprises 193 nucleotides and contains the CAP-dependent gipT promoter identified by Eiglmeier et al. (15) and the transcription initiation signals for the glpABC operon. The latter could not be located by computer inspection of the sequence, and biochemical analysis of the mRNA will be required.
Preceding the putative ATG initiation codon of the gipA gene was an oligopurine stretch (positions 211 to 215, 
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3050 3100 To verify the accuracy of the sequence, which had a dG+dC content typical of E. coli (54.1% [39] ), we analyzed the codons employed by the glpABC genes with the gene searching program FRAMESCAN (46) , using the codon usage of the functionally related fumarate reductase operon, frdABCD (7, 8, 20) , as a reference. All three open reading frames, corresponding to the glp genes, displayed high probability scores, and apart from a short coding sequence downstream of glpC, no other significant reading frames were'detected on either DNA strand. One striking difference from the codon usage in the frd operon was the significantly higher use of rare codons (data not shown) (19, 22) , in particular isoleucine (AUA), arginine (CGA, CGG), and glycine (GGA, GGG).
Amino acid analysis of GIpA and GlpB. In addition to the genetic arguments, conclusive evidence that the glpABC operon actually encodes G-3-P dehydrogenase was obtained by comparing the NH2-terminal amino acid sequence of the 62,000-and 43,000-dalton subunits of the purified enzyme with those deduced from the DNA sequence. Each cycle of amino-terminal analysis generated one or two residues. The results (Table 1) are in good agreement with the predicted sequence except that the arginines in cycle 2 of GlpB and in cycle 4 of GIpA were not detected. In addition, the serine residues in cycles 8 and 9 were not detected, but this is not unexpected, as serines are difficult to detect by this technique (21) . It is interesting that the initiating formylmethionine was not removed in either case but simply deformylated. This is consistent with the known substrate preferences of the NH2-terminal methionine-'specific peptidase (35) . The amino acid compositions of the separated large and small subunits of purified G-3-P dehydrogenase, determined previously (40) , have been recalculated to remove the water contribution and were compared with those deduced from the DNA sequences of the corresponding' genes ( Table 2) . With the exception of glutamnic acid plus glutamine, which were slightly overestimated, and the cysteine and leucine contents, which were underestimated, excellent agreement was found between the two values for both subunits. The predicted sizes of 58,891 and 45,305 daltons for the GlpA and GlpB proteins, respectively, agree reasonably well with those obtained by SDS-PAGE. Predicted properties of the GipA and GIpB proteins. Addition of both FAD and FMN was required for maximal G-3-P dehydrogenase activity in vitro, and this suggested that both (38, 41, 48) . On examination of the primary structures of the GlpA and GlpB proteins, it was apparent that typical flavinbinding domains were located near both NH2 termini. The amino acid sequences of these flavin-binding folds are shown in Fig. 3 , where they are aligned with those of several E. coli flavoproteins and glutathione reductase. When percent homology values were calculated from simultaneous or pairwise alignments between the probable flavin-binding domains of GlpA or GlpB and the FAD-binding domains of known flavoenzymes, GlpA displayed higher scores' than GlpB (e.g., in Fig. 3 , GlpA versus GR, 43% identity; GlpB versus GR, 33% identity). This could indicate that the FAD cofactor is associated with GlpA, whereas FMN is bound by GlpB.
The catalytic centre of G-3-P dehydrogenase is believed to reside in the 43,000-dalton subunit, the GlpB protein, and the enzyme is sensitive to certain sulfhydryl reagents (40) . On inspection of the primary structures of the GIpA and GlpB proteins, which contain 14 and 10 cysteine residues, respectively, no clustering of cysteines, characteristic of ironsulfur centers, was observed. However, a sequence showing significant homology to the active sites of several oxidoreductases was found following the putative FMN-binding domain of the GlpB protein (Fig. 4) . This sequence contained a histidine residue, which, by analogy with other flavoenzymes, could have a proton-donor acceptor function (38) . Most significantly, this was separated from a cysteine residue by 14 amino acids, exactly the same distance as in fumarate reductase and succinate dehydrogenase (7, 12, 36) . There were additional local homologies between this stretch of the GlpB protein and the region around the essential cysteine residue of pig and E. coli lactate dehydrogenase, another oxidoreductase enzyme (5) . No other significant sequence homologies were detected between any other (41) . The numbering corresponds to the amino acid residues. The known secondary structures of the nucleotide-binding fold in GR are also indicated at the top. Pads were introduced to optimize the alignment in a region where NADH dehydrogenase contains residues in an a,-bend. known proteins, including the G-3-P transporter of E. coli (15) .
Identification of the GlpC polypeptide. Identification of a third open reading frame in the glpABC operon suggested that a third subunit may be present, although not associated with the catalytic dimer. We examined the total lysate, cytoplasm, and membrane envelope fractions from cells harboring the plasmids pGLP1 (carrying the intact gIpABC operon) and pGLP20 (carrying a deletion of part of the glpC gene) on appropriate SDS-polyacrylamide gels (Fig. 5) . We observed three polypeptides which were coordinately overproduced in cells harboring pGLP1 (lanes 3 and 4) . Two of these comigrated with the two subunits of purified G-3-P dehydrogenase, whereas the third polypeptide migrated at 45,000 daltons, close to the size predicted for GlpC. This polypeptide was absent from cells harboring pGLP20 (lanes 5 and 6). The GlpC polypeptide remained tightly associated with the membrane envelope fraction and did not copurify with the GlpAB'dimer.
Amino-terminal sequence of GlpC. To confirm that the polypeptide observed in the Triton X-100-insoluble fraction was indeed GlpC, we transferred the polypeptide to a PVDF membrane and carried 'out seven cycles of automated Nterminal sequence analysis as described above. The first seven residues agreed completely with the predicted sequence. These results also eliminated another potential translation initiation site located 75 nucleotides upstream from the glpC start shown in Fig. 2 with pGLP1 or pGLP2O was accompanied by a large increase in G-3-P dehydrogenase activity. The specific activities in the crude membrane and cytoplasmic fractions of JM83 were 0.71 and 0.23 U/mg, respectively, whereas those of transformants harboring pGLP1 (glpABC') were 6.0 ± 2.09 and 6.4 ±+-2.55 U/mg and JM83 bearing pGLP2O (gpAB') were 0.57 ±+ 0.23 and 5.9 ± 2.04 U/mg, respectively. However, although deletion of part of glpC resulted in a 10-fold-lower specific activity in the membrane fraction, in agreement with the findings of Kuritzkes et at. (26) , it should be noted that in both cases, and in JM83 alone, over 90% of the total enzyme activity was soluble, as described previously (30, 40) . Thus, despite the large difference in the respective membrane-bound G-3-P dehydrogenase activities, the absolute activities in the crude extracts of the two strains differed by less than 5%. We Predicted structures of GIpC. In common with the GlpA and GlpB subunits, the GlpC protein was cysteine rich, containing 17 residues, but in contrast to the catalytic subunits, these were arranged in two clusters, typical of iron-sulfur proteins. The sequences of these presumed ironsulfur centers were aligned with those of iron-sulfur protein subunits of other respiratory oxidoreductases and ferredoxins (4) (Fig. 6) . It is evident that, as well as the characteristic spatial arrangement of the cysteine residues (Cys-X-X-Cys-X-X-Cys-X-X-X-Cys), additional positions are conserved among the enzymes. In particular, the first cysteine residue of each cluster was preceded by a hydrophobic residue (Leu, Val, or Phe) by two residues and followed by another, whereas the last cysteine residue was invariably followed by proline and six residues later by an aliphatic amino acid. This arrangement resembles the binding regions for bacterial ferredoxins of the 3Fe-3S and 4Fe-4S types (4, 17) .
This polypeptide is unlike most cytoplasmic membrane proteins in that it was not solubilized by Triton X-100 at concentrations up to 4%. The protein contained a large number of charged amino acid residues (25% Arg, Lys, His, Glu, and Asp) and had a high polarity index (45%) (6) . Analysis of the glpC sequence for long hydrophobic stretches (20 residues) by the Kyte-Doolittle algorithm (27) failed to identify any extended hydrophobic sequences (Fig.  7) . Although no long lipophilic regions that could be interpreted as transmembrane a-helices were found in the GlpC amino acid sequence, there were segments (e.g., residues 261 to 279, Fig. 7 ) that could form a number of long amphiphilic helices (16 (10) . DISCUSSION The nucleotide sequence of the anaerobic G-3-P dehydrogenase operon of E. coli, which is adjacent to the glpTQ operon at 49 min on the chromosome (1, 29), was determined. The three open reading frames of the operon were named glpABC, respectively, to indicate their order relative to the promoter. The promoter-proximal glpAB genes encode the catalytically active subunits of the dehydrogenase (40), whereas glpC codes for the newly identified membranebound subunit. This nomenclature, which is based on genetic, sequence, and biochemical arguments, differs from that proposed by Ehrmann et al. (14) , which was based solely on genetic considerations.
Analysis of the amino acid sequences of GlpA, GlpB, and GlpC indicated the putative FAD-and FMN-binding sites and the location of the Fe-S centers. It is apparent that the GlpAB dimer carries the catalytic site of G-3-P oxidation, and we present evidence based on conserved histidine and cysteine residues (Fig. 4) that the active site may be in the GlpB subunit. This would agree with results of Schryvers and Weiner (40) , who found that mild proteolytic treatment of GlpAB resulted in cleavage of the GlpA subunit to a 50,000-dalton fragment without loss of catalytic activity. Flavin modulation of activity was altered by proteolysis, and it now seems likely that this was due to removal of an amino-terminal peptide from GlpA which bound FAD and/or FMN.
The GlpC polypeptide most likely serves as the acceptor of reducing equivalents from the GlpAB catalytic dimer in the electron transport chain. The identification of two clusters of cysteine residues which are homologous to the ferrodoxin-type iron-sulfur-binding domains strongly suggests that this polypeptide contains the two iron-sulfur centers. Electron paramagnetic resonance studies are being carried out to explore this. The association of GlpAB with GlpC is not quantitative, although we could show that GlpC does mediate some membrane anchoring, in agreement with the work of Kuritzkes et al. (26) . The association may be transient and may be modulated by the redox potential of the enzyme, as has been reported for proline dehydrogenase (54) .
The mode of association of GlpC with the cytoplasmic membrane is poorly understood, and the protein contains no regions of sequence that would be consistent with lipophilic transmembrane a-helices. There are several regions having high a-helical hydrophobic moments that are long enough to extend across the bilayer but are not as amphiphilic as surface-active proteins such as mellitin (16) . Calculation of the potential 13-strand amphiphilicity did not reveal any regions that could be interpreted as candidates for the strands of a transmembrane 1-barrel. One interpretation of the results might be that these putative amphiphilic helices could pack together, providing a hydrophilic central region and a hydrophobic exterior. Such an arrangement has recently been shown to function as the membrane-binding domain for two other enzymes from the inner membrane of E. coli (24) . It is possible that the GlpC protein is so difficult to solubilize because removal of the bilayer is accompanied by denaturation and aggregation. Alternatively, association of the anaerobic G-3-P dehydrogenase with the membrane could be mediated by interaction of the GlpC protein with a tightly membrane-bound component, such as fumarate reductase.
